The secreted yield of hen egg-white lysozyme (HEWL) from the filamentous fungus Aspergillus niger was increased 10-20-fold by constructing a novel gene fusion. The cDNA sequence encoding mature HEWL was fused in frame to part of the native A. niger gene encoding glucoamylase (glaA), separated by a proteolytic cleavage site for in vivo processing. Using this construct, peak secreted HEWL yields of 1 g/l were obtained in A. niger shake flask cultures compared to about 50 mg/1 when using an expression cassette lacking any glaA coding sequence. The portion of glaA used in the gene fusion encoded the first 498 amino acids of glucoamylase (G498) and comprised its secretion signal, the catalytic domain and most of the O-glycosylated linker region which, in the entire glucoamylase molecule, spatially separates and links the catalytic and starch-binding domains.
Introduction
Filamentous fungi are increasing in favour as hosts for secreted production of heterologous proteins [1, 2] . A large range of proteins from various sources have now been produced, some at commercially acceptable levels [1, 2] . The secreted yields of heterologous proteins have often been disappointingly low and a number of strategies have therefore been employed to increase the yields. Principal amongst these strategies have been the use of leader peptides derived either from the target heterologous protein or from a native fungal protein known to be secreted well [3, 4] , gene fusions to part or whole of a wellsecreted homologous protein such as glucoamylase from A. niger [4, 5] and protease-deficient strains as hosts [6] . In addition, mutation and screening proved to be useful in the optimisation of chymosin production from A. awamori [7] and the value of multi-copy gene insertions is also recognised [5] .
In constructing gene fusions the object is to encourage passage of the target protein as a fusion through the fungal secretory pathway. Processing of the target protein is then required and this has been achieved autocatalytically [5] , by secreted fungal proteases [8] or by the introduction of a KEX2 processing site [9] . In Saccha-romyces cerevisiae, the KEX2 protease is Golgiassociated and a homologous activity has been observed in A. nidulans [9] .
The domain structure of glucoamylase 1 is known to comprise catalytic and starch-binding domains separated by an extended highly-glycosylated linker region [10, 12] . This structure has an analogy with the domain structure of cellobiohydrolase from Trichoderma reesei [13] . It was considered that, for efficient secretion and processing of heterologous proteins from A. niger, glucoamylase 2, which lacks the starch-binding domain, would be an effective carrier protein. This is because the linker region is likely to permit independent folding of the catalytic and substrate-binding domains [14, 15] . In the G498-HEWL fusion, HEWL in effect replaces the starch binding domain and the presence of the linker should similarly allow correct folding of the catalytic and HEWL domains. Also, a KEX2-1ike recognition site between the glucoamylase linker and the heterologous protein would be relatively free from steric hindrance. This paper records the results of this approach using HEWL as the target heterologous protein.
Materials and Methods
Aspergillus niger strain AB4.1 [15] was used throughout this work. A protease-deficient strain, ABI.13 [17] , was also used although this offered no advantage in secreted HEWL yields and these results are not presented. Expression constructs were made in pGPT-pyrG1 [18] , kindly provided by Genencor Intl. The HEWL eDNA gene, kindly provided by A. Colman, University of Birmingham, UK, was inserted into pGPT-pyrG1 as described previously [19] . An in-frame fusion of the coding region of mature HEWL to the 3' end of the glaA gene encoding the first 498 amino acid residues via an artificial hexapeptide linker containing a KEX2 processing site was made by overlap extension PCR [20] . The glucoamylase linker, KEX2-region and entire HEWL coding region were sequenced after ligation into the XbaI site of pGPT-pyrG1. Construction of the DNA encoding the G498-HEWL fusion protein is niger, polyacrylamide gel electrophoresis immunoblotting of secreted proteins and assay of HEWL activity have all been described elsewhere [19] . Two media were used in this work: ACMS/ N/P [19] and a soy milk medium [5] .
Results and Discussion
An A. niger transformant containing the G498-HEWL fusion was compared with A. niger Lll, the best HEWL-producing strain lacking the glucoamylase-HEWL fusion. Both constructs were made in the same vector, and expression, in both cases, was controlled by the glaA promoter. Production of secreted HEWL was examined in ACMS/N/P (Fig. 2a) and soy medium (Fig. 2b) . In both media the fusion construct gave rise to 10-20-fold more secreted HEWL than in the construct lacking the G498 fusion. The kinetics of production were different in the two media; maximum yields were greater in the soy medium but took much longer to reach those levels. Indeed, in soy medium, the accumulated levels of HEWL continued to rise throughout the incubation period, whereas in ACMS/N/P the levels peaked and then declined.
Production of secreted HEWL was also examined by polyacrylamide gel electrophoresis and immunoblotting (Fig. 3) . Using the construct without the G498 fusion, the lysozyme secretion signal sequence was correctly processed to yield mature HEWL in ACMS/N/P medium [19] . However, two forms of mature HEWL were produced: one identical to native lysozyme and comprising 80-90% of the total, and the other specif- ically nicked at the Gly71-Ser72 bond and comprising the remaining 10-20% [19] . In the same medium, but using the G498 fusion, polyacrylamide gels, together with N-terminal sequencing of excised bands, revealed that both mature HEWL and the same nicked form were also produced. In the soy medium, however, neither construct produced nicked lysozyme although traces of immunoreactive, low molecular mass forms of HEWL were seen in Western blots (Fig.  3) . None of the samples examined showed any traces of high molecular mass bands which reacted with the antiserum against lysozyme. This indicates that processing of HEWL from the G498 fusion was complete.
The fusion strategy adopted in this work is a development of other research in fungi which has employed full-length fusions with glaA [5, 8, 9] , amyA [21] , Sh ble [22] and the region of cbhl encoding the catalytic domain and 'hinge' region of cellobiohydrolase I [23] . The glaA gene has been exploited extensively in the over-production of heterologous proteins. Not only have full-length fusions been used but a number of fusions with regions of the glaA gene encoding small regions of the N-terminal protein have also been used in attempts 1~o optimise secreted yields of target proteins [3, 4] . Our work has developed this approach and, while we have yet to compare a range of different glaA fusions integrated in defined copy numbers at a precise genomic locus, the effectiveness of the G498 fusion is established. It is likely that the G498 region is not unique in its effectiveness but that other constructs which preserve the domain structure of glucoamylase 2 may be equally effective. The high yields of HEWL (and mutant HEWLs; unpublished results) obtained using this system hold promise for overproduction of other heterologous proteins in A. niger. High production levels of target proteins are required not only for commercial exploitation but also for production of sufficient quantities of protein for structural studies. We are now able to extend our investigations on the structural and functional properties of HEWL [19] and derived mutants [24] and will be able to produce substantial quantities of labelled protein for NMR studies [25] .
